The Mauriceville and Varkud mitochondrial plasmids of Neurospora spp. are closely related, small circular DNAs that propagate via an RNA intermediate and reverse transcription. Although the plasmids ordinarily replicate autonomously, they can also integrate into mitochondrial DNA (mtDNA), yielding defective mtDNAs that in some cases cause senescence. To investigate the integration mechanism, we analyzed four cases in which the Varkud plasmid integrated into the mitochondrial small rRNA gene, three in wild-type subcultures and one in a senescent mutant. Our analysis suggests that the integrations occurred by the plasmid reverse transcriptase template switching between the plasmid transcript and internal sequences in the mitochondrial small rRNA to yield hybrid cDNAs that circularized and recombined homologously with the mtDNA. The integrated plasmid sequences are transcribed, presumably from the mitochondrial small rRNA promoters, resulting in hybrid RNAs containing the 5' segment of the mitochondrial small rRNA linked head-to-tail to the full-length plasmid transcript. Analysis of additional senescent mutants revealed three cases in which the plasmid used the same mechanism to integrate at other locations in the mtDNA. In these cases, circular variant plasmids that had incorporated a mitochondrial tRNA or tRNA-like sequence by template switching integrated by homologous recombination at the site of the corresponding tRNA or tRNA-like sequence in mtDNA. This simple integration mechanism involving template switching to generate a hybrid cDNA that integrates homologously could have been used by primitive retroelements prior to the acquisition of a specialized integration machinery.
The Mauriceville plasmid and closely related Varkud plasmid, found in the mitochondria of some Neurospora strains, are novel retroelements that may be related to retroviral ancestors (23, 38) . The plasmids exist predominantly as small circular DNAs and concatemers but appear to replicate via an RNA intermediate and reverse transcription. As shown in Fig. 1 , Mauriceville and Varkud plasmid monomers are circular double-stranded DNAs of 3.6 and 3.7 kb, respectively, and contain a single long open reading frame (ORF) of 710 amino acids (2, 9, 31) . This ORF encodes an 81-kDa reverse transcriptase (RT) protein that is highly conserved between the two plasmids and presumably functions in their replication (24) . The plasmid RT contains conserved amino acid sequence blocks 1 to 7, found in most RTs, as well as an additional sequence block, 2a, characteristic of the non-long terminal repeat (non-LTR) retroelements (14, 39) . Among the non-LTR retroelements, the plasmid RT is most closely related to those encoded by bacterial retrons and group II introns (14, 39) . As expected for a primitive retroelement, the plasmid lacks motifs characteristic of gag, RNase H, protease, integrase, or Zn2+ fingerlike domains, which are associated with the RTs of other retroelements (24, 26, 27, 37) .
Biochemical experiments have provided insight into the replication mechanism of the plasmids. First, the doublestranded plasmid DNA is transcribed by the host Neurospora sp. mitochondrial (mt) RNA polymerase to yield full-length linear RNAs (20, 31) . These RNAs presumably serve both to encode the RT and as templates for reverse transcription in the (27, 39) . The conserved amino acid sequence block 2a is characteristic of the RTs of non-LTR retroelements (14) . The map shows the approximate locations of the promoter, the transcription start site, and the site of the putative RNA cleavage (open arrow), which yields monomer-length transcripts having 3'CCA and 5'UUG sequences (20) . Restriction enzyme sites: B, BglII; E, EcoRI; and P, PstI. Double-headed arrows indicate regions having multiple EcoRI or PstI sites. The small arrows numbered 1 to 4 show the orientations and approximate locations of primers Vark, KX27, Bam3O, and MV2800, respectively. Numbers in parentheses refer to the nucleotide positions in the Varkud plasmid (2) .
analogously to plant viral and phage Q3 RNA replicases in initiating (-) strand cDNA synthesis de novo (i.e., without a primer) opposite the penultimate C residue (position C2) of the 3' CCA sequence (38) . This de novo initiation reaction is relatively efficient in vitro and may also be the predominant mode of initiation in vivo (20, 38) . The ability to initiate DNA synthesis de novo, which is unprecedented for a DNA polymerase, supports the hypothesis that the plasmid RT is a transitional enzyme between RNA and DNA polymerases.
In addition to de novo initiation, the plasmid RT can also behave like other RTs by using DNA or RNA primers. In one reaction, observed both in vivo and in vitro, the plasmid RT initiated cDNA synthesis by a "template-switching" mechanism in which the 3' end of a cDNA that had been synthesized by the RT was used to prime the synthesis of a new cDNA directly at the 3' end of the plasmid transcript (20, 36) . The putative primer sequences found attached to the 5' ends of (-) strand cDNAs in ribonucleoprotein particles included cDNA copies of the 5' end or internal regions of the plasmid transcript, often with noncoded nucleotides at the site of the template switch. Notably, the putative primers also included cDNA copies of mtDNA transcripts, including mt tRNAs (20) . Both the primers and the noncoded nucleotide may be removed by a nuclease activity to generate the correct 5' end of the cDNA for replication of the plasmid (35) (36) (37) . In contrast to the situation for retroviral RTs, template switching by the plasmid RT does not require base pairing between the primer and the template, and initiation at the correct position depends on the ability of the RT to recognize the 3' end of the plasmid transcript.
Template switching by the plasmid RT can lead to the synthesis of hybrid cDNAs linking the plasmid to unrelated mtDNA sequences and thus constitutes a means of recombination. Possible instances of such recombination were found in senescent mutants of the plasmid-containing strains (3, 4) . In several mutants, impaired growth was correlated with the accumulation of suppressive variant plasmids that had incorporated a mt tRNA or tRNA-like sequence immediately downstream of the position corresponding to the 3' CCA of the plasmid transcript. The structure of the variant plasmids suggests that they were generated by a template-switching mechanism in which a cDNA copy of a mt tRNA was used to prime (-) strand cDNA synthesis at the 3' end of the plasmid transcript or vice versa (20, 38) . The failure to remove the tRNA sequence prior to circularization of the DNA would lead to the incorporation of the tRNA sequence into the plasmid. Notably, the tRNA sequences inserted in the variant plasmids lacked the terminal A residue of the 3' CCA, suggesting that the plasmid RT had initiated cDNA synthesis opposite the penultimate C residue of the tRNA, the same position used for de novo initiation in the plasmid's 3' tRNA-like structure (3, 4, 38) . The suppressive behavior of the variant plasmids was correlated with a 50-to 100-fold overproduction of hybrid transcripts consisting of the mt tRNA sequence linked headto-tail to the 5' end of the plasmid transcript (4) . The accumulation of these hybrid transcripts, presumed replication intermediates of the variant plasmids, could reflect either an increased rate of transcription or stabilization of the transcript by the mt tRNA sequence at the 5' end of the RNA.
In addition to the mutant plasmids, several of the senescent strains contained defective mtDNAs harboring integrated mt plasmid sequences (3) . In three mutants analyzed, the sequences at the junction with mtDNA corresponded precisely to the 5' end of the plasmid transcript, suggesting that the integration pathway included an RNA intermediate and reverse transcription step. In one of these mutants, V1-2, the integrated sequence was derived from a suppressive mutant plasmid that had incorporated a tRNA-like sequence and synthesized a hybrid transcript with the tRNA-like sequence at its 5' end. The integration of the variant plasmid at an ectopic site resulted in the duplication of the tRNA-like sequence in the mtDNA of that strain. All of the integrated plasmids analyzed previously were found in senescent cultures whose mtDNAs had undergone secondary rearrangements, and the corresponding downstream integration junctions were not identified.
Another possible case of recombination between the mt plasmids and mtDNA sequences exists in subcultures of the wild-type Varkud strain. In addition to the full-length 3.7-kb plasmid transcript, these Varkud subcultures synthesize a 4.9-kb hybrid RNA, consisting of the 5' 1.2 kb of the mt small rRNA (19S rRNA) linked to the full-length Varkud plasmid transcript (2) . In general, this hybrid RNA could be formed at the RNA level by joining the two transcripts or by transcribing a recombined DNA template. Southern hybridizations failed to detect a DNA template but did not exclude that a template was present in low concentrations (2) .
Here, we show that the Varkud subcultures that synthesize the 4.9-kb hybrid RNA, as well as a newly isolated senescent mutant that synthesizes a related hybrid RNA, harbor low levels of defective mtDNAs containing the full-length Varkud plasmid integrated at sites -1.2 kb downstream of the 5' end of the mt small rRNA gene. The characteristics of the integrated plasmid sequences suggest that the recombinants were generated by template switching of the plasmid RT between the mt plasmid transcript and internal regions of the mt small rRNA to yield hybrid cDNAs that circularized and integrated into mtDNA by homologous recombination. Although other integration mechanisms may operate in some instances, analysis of newly isolated senescent mutants revealed three cases in which a variant plasmid containing a mt tRNA or tRNA-like sequence appears to have used a similar mechanism to integrate at the site of the corresponding mt tRNA or tRNA-like sequence in the mtDNA. This simple integration mechanism involving template switching to generate a hybrid cDNA that integrates homologously could have been used by primitive retroelements prior to the acquisition of a specialized integration machinery.
MATERIALS AND METHODS
Strains of Neurospora spp. and growth conditions. Neurospora sp. strains used in this study were the Neurospora crassa wild-type strain 74-OR23-4A ( by serial transfer in slants grown at 25°C (V34-14 and V38-14)
or 38°C (V51-6a and V62-7), essentially as previously described (3). Senescent mutants are designated V (Varkud), followed by a number indicating the specific subculture, a hyphen, and then a second number indicating the passage at which the mutant was isolated. A letter following the second number refers to a specific isolate in cases in which more than one isolate was obtained at that passage. Procedures for maintaining the strains, preparing conidia, and growing cells in liquid culture were as previously described (3, 11, 25 Isolation of mitochondria and mt nucleic acids. Mitochondria were isolated by the modified flotation gradient method (25) . Mitochondrial nucleic acids were extracted from mitochondria by a procedure using UNSET and phenol-chloroform-isoamyl alcohol (25:24:1; phenol-CIA), as previously described (3) contained a lighter 8.6-kb band. This 8.6-kb band is smaller than expected for a dimer of the 4.9-kb RNA but is close to the size expected for the 5' segment of the mt small rRNA linked to two tandem copies of the Varkud plasmid transcript (see Discussion). The senescent mutant V38-14 contained a 4.7-kb hybrid RNA and a potentially related 8.4-kb band, in addition to the full-length 3.7-kb plasmid transcript. S1 nuclease mapping of the gel-purified 4.9-kb RNA from the Varkud strain showed that its 5' end corresponds precisely to the 5' end of the mt small rRNA (5) . RNA-PCR was used to analyze the junction between the 5' mt small rRNA segment and the Varkud plasmid transcript. Basically, the boundary region was amplified by using one primer (19SI) in the middle of the mt small rRNA and another primer (Vark) near the 5' end of the Varkud plasmid transcript. Figure 3 shows that mt RNA from two of the Varkud subcultures that contain a 4.9-kb RNA (V3 and V5) gave a major amplified band of -0.85 kb, as expected for the junction fragment, along with a slightly smaller, minor band, which was not observed reproducibly (lanes 1 and 3, and data not shown). The 0.85-kb PCR product was not observed in parallel PCRs in which the reverse transcription step was omitted (lanes 2 and 4), indicating that it arose from an RNA in the preparations. The appearance of the 0.85-kb PCR product was strictly correlated with the presence of the 4.9-kb hybrid RNA. It was observed neither in the V4 subculture that lacks the 4.9-kb RNA (lane 5) nor in the wild-type 74A or Mauriceville strains (lanes 9 and 11) but was observed with mt RNAs from the other Varkud subcultures that contain the 4.9-kb RNA (V1, V2, and V6; data not shown). Cloning and sequencing of the 0.85-kb PCR product from V5 showed that the junction in the hybrid RNA consists of the 5' segment of the mt small rRNA, linked head-to-tail to the 5' end of the Varkud plasmid transcript via a run of A residues that are not encoded by either the plasmid or mtDNA (Fig. 3 rRNA (R1263), and the number of noncoded A residues varied from 20 to 72 in different clones.
Similar RNA-PCR of the mt RNA preparation from mutant V38-14 gave an amplified band of 0.7 kb, containing the junction in the 4.7-kb hybrid RNA (Fig. 3, lane 7) . Cloning and sequencing of this 0.7-kb band showed that it likewise consists of the 5' segment of the mt small rRNA linked head-to-tail to the 5' end of the Varkud plasmid transcript via a run of noncoded A residues. In this case, however, the junction in the mt small rRNA segment was at R1221, 42 nt upstream of that in the 4.9-kb hybrid RNA, and the run of noncoded A residues was shorter, containing only 9 to 10 nt in the eight clones analyzed. In addition, the sequenced region of the mt small rRNA in the V38-14 hybrid RNA contains three deletions (14, 5 , and 79 nt) compared with the wild-type mt small rRNA sequence (Fig. 3) .
Detection of putative DNA templates for the hybrid RNAs. Putative DNA templates for the hybrid RNAs in the Varkud subcultures and the V38-14 strain were detected by Southern hybridization. Figure 4 shows an experiment in which EcoRI digests of mtDNAs from different strains were hybridized with a 32P-labeled probe (32P-Varl5), containing the entire Varkud plasmid (see Materials and Methods). In addition to the prominent 2.8-kb EcoRI fragment of the Varkud plasmid, all the Varkud isolates that synthesize the 4.9-kb hybrid RNA contained a 5.8-kb EcoRI fragment that was substoichiometric relative to the mtDNA fragments (Fig. 4A) and hybridized with the 32P-labeled plasmid probe (Fig. 4B) . This 5.8-kb fragment was not detected in the original Varkud isolate (V4), nor was it detected in wild-type 74A and the Mauriceville strains, which lack hybrid RNAs. The V38-14 mutant, which synthesizes the 4.7-kb hybrid RNA, showed a correspondingly smaller substoichiometric EcoRI fragment of about 5.6 kb. The substoichiometric restriction fragments presumably reflect low levels of defective mtDNAs containing integrated plasmid sequences.
The 5.8-kb EcoRI fragment from Varkud subculture V3 was gel isolated and cloned into Bluescript vector. Restriction enzyme mapping and sequencing of the ends of the cloned fragment, using the M13 forward and reverse primers, showed that it corresponds to the mtDNA restriction fragment EcoRI-1 with the sequence corresponding to the 5' end of the Varkud plasmid transcript integrated into the mt small rRNA gene (Fig. 5A, map) . The sequence of the junction region in the cloned 5.8-kb EcoRI fragment, determined by using the primer KX27, corresponded to that found in the 4.9-kb hybrid RNA: the 5' mt small rRNA sequence ending at R1263 was VOL. 14, 1994 (Fig.  5) . All the Varkud subcultures that contained the substoichiometric 5.8-kb EcoRI fragment gave a prominent 0.7-kb PCR product that was not obtained with Varkud isolate V4, wildtype 74A, or the Mauriceville strain (Fig. 5A) . As summarized in Fig. SB, all Cloning and sequencing of the substoichiometric 5.6-kb EcoRI fragment from senescent mutant V38-14 showed that it too consists of the mtDNA restriction fragment EcoRI-1 with the sequence corresponding to the 5' end of the Varkud plasmid transcript integrated into the mt small rRNA gene. In this case, the sequence of the 5' junction was the same as that in the 4.7-kb hybrid RNA from V38-14: the 5' mt small rRNA sequence ending at R1221 was linked to the 5' end of the plasmid transcript via a run of nine noncoded A residues. Again, additional clones obtained by PCR all contained the same junction as the cloned 5.6-kb EcoRI fragment, with the length of the A tract varying from 8 to 10 nt in individual clones (Fig. 5, bottom) . Further, the mt small rRNA sequence in the DNAs cloned from V38-14 DNA had the same three deletions found in the mt small rRNA segment of the 4.7-kb hybrid RNA, as expected if the cloned DNA is the template for that hybrid RNA. Notably, all the 5' junctions in the Varkud subcultures, as well as that in senescent mutant V38-14, are subcultures and V38-14. The clones have different numbers (n) of noncoded A residues (italics) at the boundary between the mt small rRNA and Varkud plasmid sequences. The cloned 5' junctions from V38-14 DNA all had the same three deletions in the mt small rRNA sequence found in the V38-14 hybrid RNA, with the 79-nt deletion again having a noncoded A residue (italics) at the deletion junction (see Fig. 3 ). cloned into Bluescript vector, and sequenced. As shown in Fig.  7A , the PCR products do in fact contain integrated sequences corresponding to the 3' end of the Varkud plasmid transcript. For the major 2.0-kb PCR product, all 10 clones had the sequence corresponding to the 3' end of the Varkud plasmid transcript, linked head-to-tail to that corresponding to the 5' end of the mt small rRNA (R1). In one clone, the terminal A residue of the 3' CCA of the plasmid sequence was missing and two noncoded T residues were present at the boundary. The clones obtained for the smaller PCR products were more heterogeneous. In most of these clones (25 of 29), the sequence corresponding to the 3' end of the plasmid transcript was linked to different sequences beginning 798 to 1,287 nt downstream of the 5' end of the mt small rRNA, with the location moving progressively further downstream of the 5' end of the mt small rRNA in the smaller size clones. For the 1.1-kb PCR product, the sequence corresponding to the 3' end of the plasmid transcript was linked to mt small rRNA sequences beginning at positions ranging from R798 to R900. One of these clones (clone b) lacked the terminal A residue of the plasmid sequence and another (clone a) had an additional A residue at the junction. For the 0.8-and 0.7-kb PCR products, the sequence corresponding to the 3' end of the plasmid transcript was linked to mt small rRNA sequence beginning at R1124 to R1287 and R1219 to R1287, respectively. In several clones (clones a and e for the 0.8-kb product, and e, h, and i for the 0.7-kb product), the junction between the Varkud plasmid and mt small rRNA sequences contained additional noncoded nucleotides, including runs of 24 and >70 A residues.
The remaining four clones (clones f and g for the 0.8-kb product and j and k for the 0.7-kb product) had the sequence corresponding to the 3' end of the plasmid transcript, followed by sequence beginning at the 5' end of the plasmid transcript (V2969) and then sequence beginning at different positions within the mt small rRNA.
Analysis of 3' junctions from the V38-14 mutant (3, 4) . In the type 1 plasmids, V62-7 and V51-6a, the tRNATrP or tRNA-like sequence is inserted precisely between the sequences corresponding to the 3' and 5' ends of the plasmid transcript. In the type 2 plasmid, V34-14, the inserted sequence is still immediately downstream of the 3' CCA of the plasmid transcript but is linked to sequence beginning at V2993, 24 nt downstream of the 5' end of the plasmid transcript, with the region between this position and the 5' end of the plasmid transcript precisely deleted (3, 4) .
Variant plasmids containing an inserted tRNATrP sequence have been found previously (3, 4) . As in those cases, the tRNATrP sequence inserted in V62-7 begins precisely at the nucleotide corresponding to the 5' end of the processed tRNATrP and contains a 3' C residue that is added posttranscriptionally by tRNA-nucleotidyltransferase (3, 4) . These findings imply that the inserted sequence was a cDNA copy of a processed tRNATrP (see the introduction). The tRNATrp sequence in V62-7 differs from the previous cases in having an apparently noncoded T residue in place of the terminal A residue of the 3' CCA sequence (Fig. 8A) .
The inserts in the V34-14 and V51-6a plasmids are related to a tRNA-like sequence previously found in the mutant plasmid from strain V1-2 (4). The insert in the V1-2 plasmid was referred to as tRNA-like because it could be folded into a cloverleaf secondary structure, but it deviates significantly from a conventional tRNA (4) . Interestingly, the inserts in the V34-14 and V51-6a plasmids contain an additional 14-nt sequence (underlined in Fig. 8A ) in a position reminiscent of an intron in the anticodon stem of a nuclear tRNA gene. Sequence analysis revealed that the V1-2 tRNA-like sequence is encoded in a large, strain-specific insertion in Varkud mtDNA EcoRI-3, a restriction fragment related to EcoRI-9 of the standard wild-type 74A mtDNA (6) . Interestingly, the tRNA-like sequence encoded in the mtDNA corresponds to the longer form having the additional 14-nt sequence, the significance of which is still under investigation. The inserted tRNA-like sequences in V51-6a and V34-14, like that in V1-2, contain two 3' C residues that are added posttranscriptionally, presumably by tRNA-nucleotidyltransferase (29) . The V51-6a insert also contains two extra 5' A residues, which are found in the mtDNA sequence and could reflect a slightly different site of 5' end processing.
The integrated plasmid sequences in the senescent mutants were analyzed by procedures similar to those described above for integrations into the mt small rRNA gene. First, an EcoRI fragment that potentially contained the integrated plasmid sequence was identified in each mutant by Southern hybridization (3.7, 3.7, and 9.5 kb in V34-14, V51-6a, and V62-7, respectively). These EcoRI fragments were substoichiometric relative to the mtDNA fragments and hybridized with a A. (A) mtDNA sequences inserted in variant plasmids from the senescent mutants V34-14, V51-6a, and V62-7. EcoRI fragments of the plasmids were cloned into Bluescript, and the region corresponding to the 5' and 3' ends of the plasmid transcript was sequenced, using primer KX27. The inserts in the V34-14 and V51-6a plasmids are aligned with a tRNA-like sequence encoded in Varkud mtDNA restriction fragment EcoRI-3 (V-EcoRI-3 [6] ). The insert in the V62-7 plasmid is aligned with N. crassa mt tRNATrP, which is encoded in mtDNA restriction fragment EcoRI-1 (18) . Nucleotides that are not encoded in the plasmid or mtDNA are indicated in italics. The tRNA-like sequence in the V38-14 and V51-6a plasmids is related to that found in the variant plasmid in mutant V1-2 (4) but contains an additional 14-nt sequence (underlined). The region of the Varkud plasmid that is deleted in the type II plasmid V34-14 (V2969 to V2992) is shown displaced from the Varkud plasmid sequence. (B) Inferred structure of mtDNAs containing integrated variant plasmids. Substoichiometric EcoRI fragments containing integrated plasmid sequences (3.7, 3.7, and 9.5 kb in V34-14, V51-6a, and V62-7, respectively) were identified by Southern hybridization (see text) and cloned into the EcoRI site of Bluescript. The sequences at the ends of the cloned fragment were determined by using the M13 forward and reverse primers, and the sequence of the 5' junction was determined by using primer KX27. In the case of V62-7, the 3' junction was analyzed by an additional PCR experiment, using primers TrpVl and Trp2 (bottom line). This PCR amplification was carried out for 25 cycles (94°C, 45 s; 65°C, 40 s; and 72°C, 2 min), followed by extension at 72°C for 10 min. The resulting -3.7-kb PCR product was purified from a 1% agarose gel, reamplified, purified by an additional gel electrophoresis, cloned into the EcoRV site of Bluescript, and sequenced by using the Trp2 primer.
---------_------------------------------------------------
32P-labeled Varkud plasmid probe (pV2) (not shown). Next, the substoichiometric EcoRI fragments were cloned and their ends and junction regions were sequenced, as described in the legend of Fig. 8B . This analysis revealed that the sequence corresponding to the 5' end of the Varkud plasmid transcript had integrated at the site corresponding to the tRNATrP or tRNA-like sequence in the mtDNA (Fig. 8B) , as expected for homologous recombination between the mtDNA sequence and the tRNAT1P or tRNA-like sequence in the variant plasmid. Significantly, the sequence at the 5' junction in each strain had distinctive features found in the corresponding variant plasmid, including the presence of the posttranscriptionally added C residues associated with the tRNATrP or tRNA-like sequence, the 24-bp deletion corresponding to the 5' end of the Varkud plasmid transcript in V34-14, and the noncoded T residue at the 3' end of the tRNATrP sequence in V62-7.
As discussed below, integration of a circular variant plasmid at the tRNATrP or tRNA-like sequence in mtDNA by homologous recombination is expected to result in a duplication of the tRNATIP or tRNA-like sequence on both sides of the integrated plasmid (see Fig. 9C ). In the case of V62-7, we checked for this duplication by an additional PCR experiment, using one primer (TrpVl) spanning the 5' junction, and another primer (Trp2) complementary to a mtDNA sequence downstream of the tRNATIP gene (Fig. 8B) . This PCR gave a 3.7-kb product (not shown). Direct PCR sequencing as well as sequencing of individual clones indicated that the 3.7-kb PCR product contained the 5' junction, the full-length Varkud plasmid, and the 3' junction, as diagrammed in Fig. 8B . The tRNATrP sequence was duplicated on both sides of the integrated plasmid, and the tRNATrP sequence downstream of the integrated plasmid lacked the posttranscriptionally added C residue, as expected for the genomic copy.
DISCUSSION
In this work, we analyzed several cases in which the Varkud plasmid integrated into mtDNA. These included four cases in The initial recombinant is generated by template switching of the plasmid RT from the plasmid transcript to an internal position in an intact mt small rRNA (Rl to R1971) or the 3' end of a truncated mt small rRNA. In the example shown, the putative template switch is to position R1263 of the mt small rRNA. The resulting hybrid cDNA (thicker bar) circularizes and integrates into mtDNA by homologous recombination. Noncoded T residues (italics) are added to the 3' end of the plasmid (-) strand cDNA prior to or during the template switch. It is not known whether (+) strand synthesis is required for circularization or integration. (B) Schematic illustrating how heterogeneous 3' junctions could be explained by the synthesis of truncated cDNAs whose 3' ends terminate at different positions within the mt small rRNA sequence. The truncated hybrid cDNAs may be generated by independent template switching or by abortive reverse transcription of a 4.9-kb hybrid transcript synthesized from an integrated plasmid. In the example shown, the truncated cDNA terminates at R809. (C) Integration of a variant plasmid containing tRNA"P by homologous recombination with the tRNATrP gene in mtDNA. The tRNATrP sequence is presumed to have been inserted in the variant plasmid by template switching (data not shown; see text). Following integration, the tRNATrP sequence is duplicated on both sides of the integrated plasmid. C and T (italics) are noncoded nucleotides at the 3' end of the tRNATrP sequence in the variant plasmid. White, mtDNA sequence; dark gray, mt small rRNA sequence; hatched, Varkud plasmid sequence; black, tRNATrP sequence.
which the Varkud plasmid integrated into the mt small rRNA gene, three in wild-type Varkud subcultures and one in senescent mutant V38-14. In addition, we analyzed three senescent mutants in which a variant plasmid containing a mt tRNA or tRNA-like sequence integrated at the site of the corresponding tRNA or tRNA-like sequence in the mtDNA. All of the integrations appear to haVe occurred during laboratory subculture, since the original Varkud isolate (V4) does not contain integrated plasmid. The defective mtDNAs found in wild-type Varkud subcultures are presumably not highly suppressive, as they do not accumulate to a high copy number and do not substantially impair the growth of the strain. The defective mtDNAs found in the senescent mutants could be more suppressive, but these strains also contain suppressive variant plasmids, and it is not clear whether the defective mtDNAs or variant plasmids are responsible for the impaired growth.
The structure of the Varkud plasmid integrated into the mt small rRNA gene is shown in Fig. 9A (bottom) . The 5' junctions consist of the sequence corresponding precisely to the 5' end of the Varkud plasmid transcript (V2969) integrated at different sites in a 42-bp stretch of the mt small rRNA gene.
In all cases, the Varkud plasmid sequence was separated from the mt small rRNA sequence by a run of apparently noncoded A residues. PCR analysis indicated that the predominant 3' junction consists of the sequence corresponding to the 3' end of the Varkud plasmid transcript (V2968) linked to the 5' end of the mt small rRNA (R1). In addition, we found minor PCR bands containing heterogeneous 3' junctions in which the mt plasmid sequence was linked to different internal segments of the mt small rRNA (Fig. 7 and 9B) . In some instances, the 3' junctions also contained apparently noncoded nucleotides. The finding that the plasmid sequences at the junctions correspond precisely to the 5' and 3' ends of the plasmid transcript strongly suggests that the integration pathway in- presumably transcribed by using the mt small rRNA promoters (22) . The very large amounts of hybrid transcript relative to the amount of the template may reflect the strength of the mt small rRNA promoters and/or stabilization of the plasmid transcript by being linked to the 5' end of the mt small rRNA. The length of the 4.9-kb hybrid transcript suggests that it terminates after the CCA sequence at the 3' end of the plasmid transcript, presumably reflecting transcription termination or RNA processing at the 3' end of the plasmid transcript or RNA processing at the 5' end of the downstream mt small rRNA sequence. The less abundant 8.6-kb RNAs detected by Northern hybridization (Fig. 2) are the size expected for the 5' 1.2-kb segment of the mt small rRNA linked to two tandem copies of the Varkud plasmid transcript, which may be integrated in some mtDNA molecules.
In principle, the recombination between the mt small rRNA and Varkud plasmid sequences could have occurred at the DNA level or at the RNA level to generate hybrid transcripts that were reverse transcribed and integrated into mtDNA (2) . However, the finding that the original Varkud isolate V4 contains no hybrid RNA detectable by PCR suggests that there is no efficient mechanism for generating the hybrid RNAs in the absence of a DNA template and argues against an RNAbased mechanism. Instead, the characteristics of the integrated Varkud plasmid sequences are most readily explained by the model shown in Fig. 9A . According to this model, the initial recombinant was generated by the RT (8) . Similarly, the noncoded nucleotides at the 3' junctions of the integrated plasmid may be due to the addition of extra nucleotides following reverse transcription of the rRNA sequence at the 3' ends of the hybrid cDNAs prior to circularization. The model in Fig. 9 accounts for the heterogeneity observed at the 3' junctions by the synthesis of hybrid cDNAs whose 3' ends terminate at different positions in the mt small rRNA sequence. As shown in Fig. 9B , the circularization of such truncated hybrid cDNAs followed by homologous recombination with the mt small rRNA gene would give integrants having the original 5' junction, but with a 3' junction consisting of the 3' end of the plasmid transcript linked to a downstream segment of the mt small rRNA. In principle, the truncated hybrid cDNAs could be generated by independent templateswitching events, as depicted by the first mechanism shown at the top of Fig. 9B . It seems more likely, however, that some or all of the heterogeneity at the 3' junction arises secondarily after the initial integration. Thus, the 4.9-kb hybrid RNAs synthesized from the integrated plasmid are presumably efficiently recognized by the plasmid RT as a result of having the same 3' tRNA-like structure as the plasmid transcript. Reverse transcription of these hybrid RNAs would produce relatively large amounts of hybrid cDNAs that continue to recombine homologously with mt small rRNA alleles. As depicted by the alternative mechanism in Fig. 9B , some proportion of these hybrid cDNAs may be aborted within the mt small rRNA segment, resulting in the synthesis of truncated cDNAs that give rise to the heterogeneous 3' junctions.
The PCR analysis revealed two types of minor 3' junctions whose characteristics require additional assumptions. First, several of the 3' junctions begin at mt small rRNA positions downstream of the 5' junction at position R1263. These junctions may be generated by the integration of infrequent hybrid cDNAs that contain mt small rRNA segments downstream of R1263. Alternatively, they could reflect multiple template switches leading to the synthesis of linear hybrid cDNAs that have different mt small rRNA sequences on both ends and integrate into mtDNA by a double crossover. Second, a few junctions consist of sequences at the 3' end of the plasmid transcript, linked to those at the 5' end of the plasmid transcript, followed by a segment from the mt small rRNA. One possibility is that such junctions reflect the integration of a complex cDNA that retains a 5' primer sequence corresponding to a cDNA copy of the 5' end of the plasmid transcript. Previous studies suggested that cDNA copies of the 5' end of the plasmid transcript might be commonly used as primers to initiate cDNA synthesis at the 3' end of the plasmid transcript (20) . Alternatively, these complex 3' junctions could have arisen by an internal deletion in an initial integrant containing a tandem repeat of the plasmid sequence.
The finding that all four integrations occurred within a 42-bp stretch of the mt small rRNA gene could reflect a propensity for the RT to jump to this region of the rRNA or selection for mtDNAs containing the mt plasmid integrated at these positions. This region of the mt small rRNA corresponds to a domain that is variable in sequence and secondary structure in VOL. 14, 1994 different prokaryotic small rRNAs (32) . Figure 10 shows the predicted secondary structure of this mt small rRNA region, along with the location of the 5' junctions, each of which presumably corresponds to a different template-switching event. In three of the four cases, the junction occurs at an A residue in the mt small rRNA sequences, leading to a 1-or 2-nt ambiguity in specifying the precise location because of contiguity with the tract of noncoded A residues associated with the integrated plasmid. Otherwise, the junction sites have little sequence or structural similarity. Two are at or near the boundary of stem and loop regions, one is at a bulged nucleotide in a stem, and the other is on the opposite side of the stem in the vicinity of the bulged nucleotide. Preferential template switching to this variable domain of the mt small rRNA could be due to some specific structural feature, its lack of association with ribosomal proteins, and/or its accessibility on the surface of ribosomal subunits. Alternatively, it could reflect preferential truncation of mt small rRNAs in this region due to RNA cleavage or transcription termination, generating 3' RNA ends that are the site of the template switch. Northern hybridizations of mt RNAs from the original Varkud isolate, V4, did not show discrete bands of the size expected for mt small rRNAs truncated in this region, but mt small rRNAs truncated near this region were detected by PCR analysis (unpublished data).
Whether the template switch is to an internal region of the mt small rRNA or to a rRNA fragment, the model in Fig. 9A implies that the plasmid RT has the ability to reverse transcribe through a substantial segment of the mt small rRNA, which presumably has stable secondary structure and may also be associated with ribosomal proteins. A similar capability is presumably required for the plasmid RT to reverse transcribe through the tRNA-like structure at the 3' end of the plasmid transcript. The ability of the plasmid RT to reverse transcribe through secondary structure could be an inherent property, or it could reflect the operation of an associated RNA helicase activity, as in the case of plant viral RNA-dependent RNA polymerases (1, 15, 21) .
In addition to the integrations into the mt small rRNA gene, analysis of newly isolated senescent mutants revealed three cases in which the plasmid appears to have used an analogous mechanism to integrate into other regions of the mtDNA (Fig.  9C) . The V34-14, V51-6a, and V62-7 strains each contain a circular variant plasmids that incorporated a tRNA-like or tRNATrP sequence by template switching. The characteristics of the integrations suggest that the circular variant plasmids had integrated into mtDNA by homologous recombination at the site of the corresponding tRNATrP or tRNA-like sequence. As expected for this mechanism, we confirmed that the integrated plasmid in the V62-7 strain is flanked by tRNATIP sequences on both sides, with the upstream tRNATP sequence being derived from the variant plasmid and the downstream tRNATrP sequence corresponding to that originally present in the mtDNA (Fig. 9C) .
Whether the same mechanism is used for all integrations of the mt plasmid remains an open question. The three integration events analyzed previously had somewhat different characteristics (3). In two of those cases, the Mauriceville or Varkud plasmid transcripts had integrated into an apparently intragenic region near the end of EcoRI-1. In these cases, the sequence corresponding to the 5' end of the plasmid transcript had integrated downstream of a run of T residues, and additional T residues were added to the run during integration. In the third case, the V1-2 plasmid, which contains the same tRNA-like sequence found here, integrated at a site in EcoRI-1 that does not have homology to the tRNA-like sequence. In addition, we identified another senescent mutant, V46-14, in which a variant plasmid containing the V1-2 tRNAlike sequence integrated at a site in EcoRI-6 having no apparent homology to the tRNA-like sequences (unpublished data). It is possible that these other integrations occurred by a different mechanism than did the major class of integrations analyzed here. However, they could also reflect template switching to synthesize a hybrid cDNA that contains additional mtDNA sequences corresponding to those at the integration site, followed by homologous recombination.
An integration mechanism that depends only on the ability of the RT to template switch and the homologous recombination machinery of the host may have been used by primitive retroelements that lacked specialized integration enzymes. Like the mt plasmid, such elements may have been primarily autonomous and only infrequently integrated into genomic DNA. After integration, the elements could continue to be dispersed by homologous recombination of cDNAs containing the element linked to flanking sequences. Recent findings suggest that the latter mechanism may be used for the mobility of group II introns, which encode an RT related to that encoded by the mt plasmid (19, 30) .
Boer and Gray (7) found that an RT-like ORF related to that encoded by the Mauriceville mt plasmid is present in Chlamydomonas reinhardtii mtDNA in an intragenic region between scrambled segments of a discontinuous large rRNA gene. They speculated that reverse transcription played a role both in the insertion of the RT-like ORF and in the scrambling of the rRNA gene segments. Our results raise the possibility that the RT-like ORF was derived from an autonomous element that integrated by a mechanism analogous to that shown Fig. 9A , involving a template switch to a large rRNA sequence, followed by homologous recombination.
Finally, we note that the mechanism in Fig. 9A is similar, in some respects, to that proposed by Derr et al. (12, 13) to account for RNA-mediated recombination in Saccharomyces cerevisiae. In this case, template switching by Tyl RT is believed to lead to the synthesis of a cDNA copy of a selectable marker (HIS3) that can recombine with a homologous HIS3 allele or can integrate at other locations that may have contained resident Tyl sequences. In contrast to our results, integration of the HIS3 cDNA at the chromosomal HIS3 locus appears to occur primarily by gene conversion without integration of the Ty sequences (12) , possibly reflecting a different recombination pathway than that used for the predominant class of integrations found in Neurospora mitochondria.
